Abstract After a brief review of the quark-based model for nuclear matter, and some pion properties in medium presented in our previous works, we report new results for the pion valence wave function as well as the valence distribution amplitude in medium, which are presented in our recent article. We find that both the in-medium pion valence distribution and the in-medium pion valence wave function, are substantially modified at normal nuclear matter density, due to the reduction in the pion decay constant.
light-front constituent quark model. There, the in-medium input was calculated by the quark-meson coupling (QMC) model [3; 15] . The main purpose of this article is, to report our new results for the in-medium pion DA studied in Ref. [14] , supplemented by the other pion properties already presented in Refs. [12; 13] .
Below, we first briefly review the QMC model, the quark-based model of nuclear matter, to study the pion properties in medium. The QMC model was invented by Guichon [15] to describe the nuclear matter based on the quark degrees of freedom. The self-consistent exchange of the scalar-isoscalar σ and vector-isoscalar ω mean fields coupled directly to the relativistic confined quarks, are the key and novelty for the new saturation mechanism of nuclear matter. The model was extended to finite nuclei [16] , and has successfully been applied for various nuclear and hadronic phenomena [3] .
The effective Lagrangian density for a uniform, spin-saturated, and isospin-symmetric nuclear system (symmetric nuclear matter) at the hadronic level is given by [3; 15] ,
where ψ,σ andω are respectively the nucleon, Lorentz-scalar-isoscalar σ, and Lorentz-vector-isoscalar ω field operators with, m *
Note that, in symmetric nuclear matter isospin-dependent ρ-meson mean filed is zero, and thus we have omitted it. Then the relevant free meson Lagrangian density is given by,
Hereafter, we consider in the rest frame of symmetric nuclear matter. Then, within Hartree mean-field approximation, the nuclear (baryon) and scalar densities are respectively given by, ρ = 4 (2π) 3 dk θ(k F − |k|) = 2k
here, m * N (σ) is the value (constant) of effective nucleon mass at given density (see also Eq. (2)). In the standard QMC model [3; 15; 16] the MIT bag model is used, and the Dirac equations for the light quarks inside a nucleon (bag) composing nuclear matter, are given by,
As usual, Coulomb interaction is neglected, and SU(2) symmetry is assumed, m u,ū = m d,d ≡ m q,q . The corresponding effective (constituent) quark masses are defined by, m *
= m * q,q ≡ m q,q − V q σ , to be explained later.
As mentioned already, in symmetric nuclear matter within Hartree approximation, the ρ-meson mean field is zero, V q ρ = 0, in Eq. (6), and we ignore it. The constant mean-field potentials are defined as, V [3] .
The same meson mean fields σ and ω for the quarks in Eqs. (5) and (6), satisfy self-consistently the following equations at the nucleon level (see Eq. (4)):
where
is the constant value of the scalar density ratio [3; 15; 16] . Because of the underlying quark structure of the nucleon used to calculate M [12] .) The incompressibility K obtained is K = 320.9 MeV.
unity, C N (σ) = 1. It is this C N (σ) or g σ (σ) that gives a novel saturation mechanism in the QMC model, and contains the important dynamics which originates in the quark structure of the nucleon. Without an explicit introduction of the nonlinear couplings of the meson fields in the Lagrangian density at the nucleon and meson level, the standard QMC model yields the nuclear incompressibility of K ≃ 280 MeV with m q = 5 MeV, which is in contrast to a naive version of quantum hadrodynamics (QHD) [17] (the point-like nucleon model of nuclear matter), results in the much larger value, K ≃ 500 MeV; the empirically extracted value falls in the range K = 200 − 300 MeV.
Once the self-consistency equation for the σ, Eq. (7), has been solved, one can evaluate the total energy per nucleon:
We then determine the coupling constants, g σ and g ω , so as to fit the binding energy of 15.7 MeV at the saturation density ρ 0 = 0.15 fm −3 (k 0 F = 1.305 fm −1 ) for symmetric nuclear matter. In Refs. [11; 12] , the quark mass in vacuum was used m q,q = 220 MeV to study the pion properties in symmetric nuclear matter. With this value the model can reproduce the electromagnetic form factor and the decay constant well in vacuum [8] . So, we use the same value in this study. Then, all the nuclear matter saturation properties are generated by using this light-quark mass value. In other words, the different values of m q in vacuum generate the corresponding different nuclear matter properties, except for the saturation point of the symmetric nuclear matter, ρ = ρ 0 (normal nuclear matter density, 0.15 fm −3 ) with the empirically extracted binding energy of 15.7 MeV. This saturation point condition is generally used to constrain the models of nuclear matter. Thus, we have obtained the necessary properties of the light-flavor constituent quarks in symmetric nuclear matter with m q = 220 MeV, namely, the density dependence of the effective mass (scalar potential) and vector potential. The same in-medium constituent quark properties which reproduce the nuclear saturation properties will be used as input to study the pion properties in symmetric nuclear matter.
In Figs. 1 we show negative of the binding energy per nucleon (E tot /A − m N ) (left-panel), and effective constituent light-quark mass, m * q (right panel), in symmetric nuclear matter [12] .
Pion properties in medium
The light-front constituent quark model used here [8] , although simple, is quite successful in describing the properties of pion in vacuum.
As examples, we show in Fig. 2 pion charge form factor (left panel) and root mean-square pion charge radius in symmetric nuclear matter calculated in Ref. [12] . Here, we note that the pion mass up to normal nuclear matter density is expected to be modified only slightly, where the modification δm π at nuclear density ρ = 0.17 fm −3 , averaged over the pion isospin states, is estimated as δm π ≃ +3 MeV [4; 18; 19; 20; 21] . Therefore, we approximate the effective pion mass in nuclear medium to be the same as in vacuum, m * π = m π , up to ρ = ρ 0 = 0.15 fm −3 , the maximum nuclear matter density treated. Furthermore, since the present light-front constituent quark model is rather simple, the model cannot discuss the chiral limit of vanishing (effective) light-quark masses.
The effective interaction Lagrangian density for the quarks and pion in medium is given by,
where the coupling constant, g * = m * q /f * π , is obtained by the "in-medium Goldberger-Treiman relation" at the quark level, with m * q and f * π being respectively the effective constituent quark mass and pion decay constant in medium, φ the pion field [8; 10] , and Λ * is the π-q-q vertex function in medium. Hereafter, the in-medium quantities are indicated with the asterisk, * . The pion valence wave function used in this study is symmetric under the exchange of quark and antiquark momenta. This π-q-q vertex function, Λ(k, P ) in vacuum is the same as that used for studying the properties of pion [8] and kaon [10] . However, for the in-medium Λ * , the arguments of the function are replaced by those of the in-medium [12] :
where V µ = δ µ 0 V 0 is the vector potential felt by the light quarks in the pion immersed in medium, and can be eliminated by the variable change in the k-integration, k
The normalization factor associated with C * is modified by the medium effects. The regulator mass m R represents soft effects at short range of about the 1 GeV scale, and m R may also be influenced by in-medium effects. However, we employ m * R = m R in Eq. (11), since there exists no established way of estimating this effect on the regulator mass. This can avoid introducing extra source of uncertainty.
The Bethe-Salpeter amplitude in medium, Ψ * π , with the vertex function in medium Λ * is given by,
By eliminating the instantaneous terms, or eliminating the terms with the matrix γ + in the numerators and k + and (P + − k + ) in the denominators with the light-front convention a ± ≡ a 0 ± a 3 , and integrating over the light-front energy k − , we obtain the in-medium pion valence wave function Φ * π ,
where,
2 is the normalization factor with the number of colors N c [8; 12] ,
q , m * 2 q ), and m R is the regulator mass with the value m * R = m R = 600 MeV [8; 12] . Note that the model used in Refs. [7; 9] does not have the second term in Eq. (13) . This means that the pion valence wave function in Refs. [7; 9] is not symmetric under the exchange of quark and antiquark momenta.
The pion transverse momentum probability density in medium, P * π (k ⊥ ), in the pion rest frame P + = m * π is calculated by,
and the integration over k ⊥ for P * π (k ⊥ ) leads to the in-medium probability of the valence component in the pion, η * [8; 12] :
The pion decay constant in medium, in terms of the pion valence component with Φ *
, is calculate by [8; 12] :
The result is shown in Fig. 4 (left panel) as a function of nuclear density (ρ/ρ 0 ). Note that, f * π above is calculated with the plus-component of the light front axial-vector current (light-front time component). Thus the f * π cannot be separated into the usual sense of the time and space components, where the corresponding two components of f * π decouple with the presence of background matter (in nuclear medium), and the time component is shown to be model independent and directly associated with the observables, and also with the Gell-Mann-Okes-Renner (GMOR) relation [22] . As nuclear density increases, the in-medium pion decay constant f * π decreases, although the amount of the reduction may be larger than that calculated by the NJL model [20; 21] . However, in the treatment of the NJL model [20; 21] , the decoupling of the time and space components of f * π is not clear with the presence of background matter, and may not directly be compared with our result, as well as the empirical value extracted from the pionic-atom experiment [18] .
In the following, we further discuss the in-medium "quark condensate" and the GMOR-like relation, just for an illustration. As we mentioned already, the present model is a light-front constituent quark model with the constituent quark mass of m q = 220 MeV in vacuum, and thus we cannot discuss the chiral limit (model limitation). Keeping this point in mind, however, to get some idea, we simply write down the GMOR-like relation in vacuum and in medium, so that we try to compare the "quark condensate" value with that extracted experimentally [18] :
Then, the ratio of the in-medium to vacuum quark condensates in the present approach may be estimated as,
At normal nuclear matter density, ρ 0 (0.15 fm −3 ), the ratio gives ≃ 0.52 [12] (and also one can calculate by using the values listed in table 1, to be given next). This implies a larger reduction in "quark condensate" compared to the value 0.67 ± 0.06 extracted in Ref. [18] at a density 0.17 fm −3 (their value for the normal nuclear matter density). This feature may also be understood from the larger reduction in (f * π /f π ) 2 in our approach compared with that obtained in Ref. [18] (see also Ref. [12] for more details). We repeat that the discussions above are not rigorous, but just for giving some intuition, since the vacuum structure in the light-front approach is usually considered as "trivial", and it is very difficult to study the quark condensate (or spontaneously broken chiral symmetry) in vacuum as well as in medium. This is a very interesting issue for the future elaboration within the light-front approach. Some properties of the pion in symmetric nuclear matter obtained in Ref. [12] , are summarized in table and f * π decrease, while < r * 2 π > 1/2 and the probability of valence component in the pion, η * , increase. This can be understood as follows. The reduction in mass, m * q , makes it easier to excite the valence quark component in the pion state, and resulting to increase the valence component probability η * in the pion. Furthermore, the valence wave function spreads more in coordinate space by the decrease of m * q , and reduces the absolute value of the wave function at the origin (f * π ∝ |Φ * π (r = 0)| reduction [23] ), namely, increases < r * 2 π > 1/2 . Next we discuss the in-medium pion valence distribution amplitude. Pion DA provides information on the nonperturbative regime of the bound state nature of pion due to the quark and antiquark at higher momentum transfer. The pion valence wave function in vacuum is normalized by [24; 25] (aside from the factor √ 2 difference):
This is an important constraint on the normalization of thewave function [24; 25] , associated with a probability of finding a purestate in the pion state. According to this normalization, the in-medium pion valence wave function is normalized by replacing f π → f * π in the above. Since the pion decay constant in nuclear medium is modified, the pion valence wave function in nuclear medium is also modified via this normalization.
In order to examine more in detail as to how the change in f * π impacts on the in-medium pion valence wave function, we show in Fig. 3 the pion valence wave functions in vacuum (left panel) and ρ = ρ 0 (right panel). One can notice that the in-medium pion valence wave function in momentum space has a sharper peak and localized in narrower regions both in x and k ⊥ than those in vacuum. Of course, the total volume, the quantity integrated over x and k ⊥ , is reduced in medium, corresponding to the reduced f * π . This fact is reflected in the wave function in coordinate space, that it becomes spread wider, and generally its hight is reduced.
The corresponding pion valence DA in medium, denoted by φ * DA (x) (not normalized to unity), is calculated as
Note that, Eq. (21) holds also for the other pseudoscalar mesons M ps such as kaon and D-meson, by
Mps (x, k ⊥ ) in the above. We show in Fig. 4 (right panel) the obtained pion DAs, φ * DA (x), in vacuum (ρ/ρ 0 = 0) and in medium for several nuclear densities. The significant reduction of the in-medium pion valence DA is obvious, that reflects the reduction of f Furthermore, it may be useful to define effective pion valence DA using the valence probability in vacuum η and in medium η * . (See Eq. (15) and table 1 .) The pion states in vacuum, |π >, and in medium, |π > * , can respectively be written as,
where a, b, c and d are constants, and g denotes a gluon, and + · · · stands for the higher Fock components in the pion states. The quantity η * in table 1 indicates that the valencecomponent in the pion state increases in medium as nuclear density increases. The effective pion valence DAs, √ η * φ(x) * , in vacuum (ρ/ρ 0 = 0) and in medium, are shown in Fig. 5 . They may respectively correspond to the first terms of Eqs. (22) and (23) .
Since η * /η is enhanced in medium, effective pion valence DA in medium is also enhanced, on the top of the corresponding medium-(shape)modified normalized pion valence DA. The obvious enhancement of the effective pion valence DA in medium can be seen around x = 0.5. This quantity may be useful when one studies some reactions in medium (in a nucleus) involving a pion, based on a constituent quark picture of pion. 
Summary
We have studied the impact of in-medium effects on the pion valence distribution amplitudes using a light-front constituent quark model, combined with the in-medium input calculated by the quark-meson coupling model. The in-medium constituent light-quark properties inside the pion are consistently constrained by the saturation properties of symmetric nuclear matter. The in-medium pion mass is assumed to be the same as that in vacuum, based on the extracted information from the pionic-atom experiment, and some theoretical studies. This information extracted is valid up to around the normal nuclear matter density. Thus, the results obtained in this study, combined with the light-front constituent quark model, are valid up to around the normal nuclear matter density, but cannot discuss reliably the chiral limit, the vanishing limit of the (effective constituent) light-quark masses. We need to rely on more sophisticated models of pion to be able to discuss the chiral limit in medium, as well as in vacuum.
Due to the reduction in the pion decay constant in medium, the pion distribution amplitude in medium normalized with the pion decay constant, is substantially reduced at relatively higher nuclear densities. Because the valence component probability in medium increases as nuclear density increases, we have defined an effective pion distribution amplitude normalized to the square root of the valence probability in the pion state. This may give some information for the effectiveness of the valence quark picture of pion in nuclear medium. Within the present light-front constituent quark model approach, the effectiveness of the valence quark picture of the pion in medium, becomes more enhanced as nuclear density increases, due to the increase of the valence component in the pion state.
Although the present study is based on a simple, light-front constituent quark model, this is a first step to understand the impact of the medium effects on the internal structure of the pion immersed in nuclear medium.
